Rapidly accreting white dwarfs (RAWDs) have been proposed as contributors to the chemical evolution of heavy elements in the Galaxy. Here, we test this scenario for the first time and determine the contribution of RAWDs to the solar composition of first-peak neutron-capture elements. We add the metallicity-dependent contribution of RAWDs to the one-zone galactic chemical evolution code OMEGA according to RAWD rates from binary stellar population models combined with metallicity-dependent i-process stellar yields calculated following the models of Denissenkov et al. (2017) . With this approach we find that the contribution of RAWDs to the evolution of heavy elements in the Galaxy could be responsible for a significant fraction of the solar composition of Kr, Rb, Sr, Y, Zr, Nb, and Mo ranging from 2 to 45% depending on the element, the enrichment history of the Galactic gas, and the total mass ejected per RAWD. This contribution could explain the missing solar Lighter Element Primary Process for some elements (e.g., Sr, Y, and Zr). We do not overproduce any isotope relative to the solar composition, but 96 Zr is produced in a similar amount. The i process produces efficiently the Mo stable isotopes 95 Mo and 97 Mo. When nuclear reaction rate uncertainties are combined with our GCE uncertainties, the upper limits for the predicted RAWD contribution increase by a factor of 1.5 − 2 for Rb, Sr, Y, and Zr, and by 3.8 and 2.4 for Nb and Mo, respectively. We discuss the implication of the RAWD stellar evolution properties on the single degenerate Type Ia supernova scenario.
INTRODUCTION
First-peak elements near Sr, Y, and Zr in the universe have mainly been produced by the slow neutroncapture process (s process) in asymptotic giant branch (AGB) stars (e.g., Gallino et al. 1998; Lugaro et al. 2003; Travaglio et al. 2004; Herwig 2005; Bisterzo et al. 2014; Karakas & Lattanzio 2014; Cristallo et al. 2015a; Battino et al. 2016) . But these elements can also be synthesized by other stellar sources, such as electron-capture supernovae (Wanajo et al. 2011 ), the weak s process (e.g., Prantzos et al. 1990; Raiteri et al. 1993; Hoffman et al. 2001; Heil et al. 2007; Pignatari et al. 2010; Frischknecht et al. 2016 ) and the strong s process (Pignatari et al. 2013 ) during the evolution of massive stars, neutrino-driven winds in core-collapse supernovae (e.g., Fröhlich et al. 2006; Wanajo 2006 Wanajo , 2013 Nishimura et al. 2012; Arcones & Thielemann 2013; Martínez-Pinedo et al. 2014) , and neutrino-driven winds following compact binary mergers (e.g., Perego et al. 2014; Just et al. 2015; Martin et al. 2015) .
It is still unclear quantitatively to what extent each of these sources has contributed to the chemical evolution of the Galaxy in general and specifically to the composition of the Sun. Denissenkov et al. (2017) have shown that rapidly accreting white dwarfs (RAWDs, see Section 2) can also produce first-peak elements via the intermediate neutron-capture process (i process). Their calculations suggested that RAWDs may be relevant for the chemical evolution of elements between Ge and Mo. The goal of the present paper is to determine the contribution of RAWDs to the solar composition in a galactic chemical evolution (GCE) model using metallicitydependent RAWD birthrates and i-process yields.
GCE models calculate the contribution of multiple stellar generations to the chemical evolution of a galaxy (e.g., Talbot & Arnett 1971; Chiappini et al. 1997; Gibson et al. 2003; Nomoto et al. 2013 ). These models ideally should take into account the formation time and initial metallicity of all stellar populations. Indeed, the various sources of enrichment such as AGB stars, massive stars, Type Ia supernovae (SNe Ia), compact binary mergers, and RAWDs, release their ejecta on different timescales (e.g., Tinsley 1979; Ruiter et al. 2009; Dominik et al. 2012) and have different chemical compositions depending on metallicity (e.g., Portinari et al. 1998; Chieffi & Limongi 2004; Kobayashi et al. 2006; Cristallo et al. 2015b; Karakas & Lugaro 2016; Pignatari et al. 2016) . In addition, the metallicity can affect the rate at which an enrichment source is releasing its ejecta (see Section 3). Therefore, when considering enrichment sources with metallicity-dependent properties, as it is the case for RAWDs, it is necessary to follow such contributions in a GCE model. The paper is organized as follows. In Section 2, we present our i-process nucleosynthetic yields calculation and discuss their metallicity dependence. In Section 3, we describe the population synthesis model used to derive the time-and metallicity-dependent rates for RAWDs. Our galactic chemical evolution model for the Milky Way is described in Section 4 and results are shown in Section 5. A discussion is provided in Section 6 on various sources of uncertainty and on the implication of our results for the solar Lighter Element Primary Process (LEPP). In Section 7, we present our conclusions.
RAWD I-PROCESS YIELDS
RAWDs are carbon-oxygen (CO) or oxygen-neon white-dwarf primary stars in a close binary system, with a main-sequence, subgiant, red-giant branch or asymptotic giant branch secondary component. The RAWD accretes H-rich material from the companion rapidly, at mass accretion rates aroundṀ acc ∼ 10 −7 M yr −1 (e.g. Nomoto et al. 2007 ) and the accreted H burns steadily in a shell leaving behind an accumulating layer of He ash. At lower rates, the accreted H shell will periodically experience mild thermal flashes that will become stronger as the accretion rate decreases, eventually leading to nova events. At higher rates, the accreted H shell will expand forming a red-giant envelope (e.g., Wolf et al. 2013; Ma et al. 2013 , and references therein).
The accumulating He shell eventually experiences a He-shell flash (Cassisi et al. 1998 ), a cycle which is then repeated for a few dozen or so times (Denissenkov et al. 2017 ). The fact that stable H-shell burning is periodically interrupted by He-shell flashes is, of course, familiar from thermal pulses that occur for all core masses eventually in AGB stellar models. A post-AGB star can also experience a very late thermal pulse (VLTP) on the WD cooling track (Herwig 2001) .
A high energy output during the He-shell flash triggers convection, and in the VLTP case the upper convection boundary can approach the surrounding stable H-rich envelope and eventually mix that H with the products of He burning. The protons are advected downward in the convective He-burning shell where the 12 C abundance is ≈ 20 − 40%. The ingested protons are rapidly consumed when reaching T ≈ 1.5 × 10 8 K via the reaction 12 C(p,γ) 13 N. Unstable 13 N with the half-life of 9.97min decays into 13 C while being transported by convection toward the bottom of the He shell, where neutrons are released in the reaction 13 C(α,n) 16 O. Depending on its parameters, the neutron density in this process can reach a value of N n ∼ 10 15 cm −3 (Malaney 1986) , which is intermediate between the values typical for the s and r processes, and thus termed i process (Cowan & Rose 1977) . The surface abundances of heavy elements, including the first-peak s-process elements Rb, Sr, Y and Zr, measured by Asplund et al. (1999) in the post-AGB star Sakurai's object (V4334 Sagittarii) and their interpretation by Herwig et al. (2011) provided the first strong evidence of the i-process nucleosynthesis in VLTP stars. Because a single post-AGB star undergoes just one He-shell flash, during which only a small amount of i-processed mass (∆M He < 0.03 M ) is ejected, the VLTPs should not contribute much to the GCE of heavy elements. However, this situation may change if the post-AGB star is a RAWD. The key question in this case is -will the RAWD eject a significant fraction of the i-processed He-shell material after each of its TPs?
To answer this, Denissenkov et al. (2017) have simulated multiple He-shell flashes on RAWDs with solar initial chemical composition [Fe/H] 1 = 0. Accordingly thermally-pulsing RAWDs lose ≥ 90% of their accumulated and then i-process-element enriched He shells. The resulting He-retention efficiencies, representing a ratio of the He-shell mass left on the RAWD to the ejected mass, are consequently η He 10%. After each He-shell flash the envelope of a RAWD expands and remains so until almost the entire mass accumulated between two consecutive TPs is ejected either by the super-Eddington luminosity wind mass loss or by Roche-lobe overflow.
We have extended the RAWD simulations to the following lower initial chemical compositions: [Fe/H] = 0.0, −0.7, −1.1, −1.55, and −2.3. We adopt the Asplund et al. (2009) solar abundance distribution which implies the heavy-element mass fractions Z met = 0.014, 0.0054, 0.0021, 0.00076, and 0.00014, respectively 2 . Details of our new RAWD simulations will be presented elsewhere. Here, we are using only the iprocess yields calculated for CO WD masses that are all close to 0.7 M . Figure 1 shows as an example the stellar evolution track for [Fe/H] = −0.7 computed with the MESA code (revision 7624 Paxton et al. 2013) . The blue curve is a track of an initially 3 M star from the pre-MS evolutionary phase through to its first He-shell flash on the AGB. After that, the model star is forced to lose its envelope, as if a common-envelope event occurred to 1 We use the standard spectroscopic notation [A/B] = log 10 (N (A)/N (B)) − log 10 (N (A)/N (B)), where N (A) and N (B) are the mass fractions or number densities of the nuclides A and B.
2 Throughout this paper, we use Zmet for metallicity in mass fraction in order to avoid confusion with Z, the elemental charge number. Figure 1 . An example of stellar evolution tracks from our new RAWD simulations. The blue track shows the evolution of an initially 3 M model from the pre-MS phase through to its first He-shell pulse on the AGB. The model is then forced to lose almost its entire H-rich envelope in a presumably common-envelope event and the remaining 0.72 M CO core moves towards the WD cooling track (the green curve). The orange track with multiple loops shows the RAWD evolution that consists of H-accreting phase, followed by a Heshell thermal pulse (TP), envelope expansion, its loss via the Roche-lobe overflow, and return of the model to the accretion phase.
it and, as a result, it leaves the AGB and moves to the WD cooling track (the green curve). The accretion of H-rich material begins after the 0.72 M CO WD has cooled down to log 10 L/L = −2. We start with a slow accretion,Ṁ acc ∼ 10 −8 −10 −9 M yr −1 , more typical for novae, to ensure numerical convergence, and we switch to the rapid accretion at a later time. The orange curve shows the multiple loops that the evolutionary track of the RAWD makes when it experiences He-shell flashes followed by its expansion, mass loss due to the Rochelobe overflow, and return to the mass-accreting phase. The pathway to RAWDs adopted for our yield calculations (Figure 1 ) is also present in our binary population synthesis models.
For the i process to be activated, the He-shell convection has to ingest some H from its surrounding Hrich envelope. In our 1D stellar evolution models of RAWDs this happens even if no convective overshooting is assumed (see Figure 2 in Denissenkov et al. 2017) . When convective boundary mixing at the top boundary of the pulse-driven convection zone is included according to the exponentially decaying diffusive model with an efficiency f = 0.01 as recommended by Herwig et al. (2007) factor of 2 to those obtained in 3D hydro simulations of H ingestion by He-flash convection, using the convective He-shell structure and He-burning luminosities from our RAWD models (R. Andrassy, priv. com.). These values ofṀ H have been used in our post-processing nucleosynthesis computations of the i process in RAWDs. We have carried out these computations using the multizone frame mppnp of the NuGrid code . Durations of the H ingestion events have been estimated from our 1D RAWD models. In single post-AGB stars VLTPs induce a violent H ingestion that has a higher mass ingestion rate (Ṁ H ∼ 10 −10 M s −1 ) than in the preceding thermal pulse evolution. This high ingestion rate is only maintained for a short time (hundreds of minutes, Herwig et al. 2011) , while in RAWDs H ingestion is usually 10 to 100 times slower, not accompanied by violent H burning or major perturbations of the convective structure of the He-shell, and it lasts tens of days. In the case of [Fe/H] = 0, such a long-lasting gentle H ingestion is followed by a much shorter and stronger Hingestion event that resembles the violent H ingestion after a VLTP and that terminates the whole H-ingestion process (Figure 2 ). We take this into account in our post-processing nucleosynthesis computations by changingṀ H appropriately in our solar-metallicity RAWD models. Figure 3 shows maximum neutron densities in the convective He shells of our post-processed RAWD models as a function of time. The orange curve consists of two parts, the second, almost vertical one, corresponding to the final strong H ingestion event that we have revealed in the solar-metallicity model (Figure 2 ). The . Distributions of element yields from the postprocessing computations of the i-process nucleosynthesis in our RAWD models. The black circles with error bars are surface abundances in Sakurai's object measured by Asplund et al. (1999) . Note the high abundances of the first-peak elements in the nearly-solar metallicity models.
peak value of N n, max increases when the metallicity decreases because of a decreasing total mass fraction of the neutron-capture seeds. This results in a shift of the final distribution of i-process yields towards heavy elements ( Figure 4 ). However, for the main topic of this work it is more important to comment on the RAWD yields of the first-peak elements with the charge number around 40. The black circles with error bars in Figure 4 show the surface abundances in Sakurai's object measured by Asplund et al. (1999) . In terms of abundance distribu-tion, the RAWD yields at near-solar metallicity contain similar or even higher amounts of first-peak elements compared to Sakurai's object. Given that RAWDs can potentially undergo tens of He-shell flashes with low Heshell mass retention efficiencies, they can indeed be important contributors to the GCE evolution of these elements, as was originally proposed by Denissenkov et al. (2017) .
Isotopes with large neutron-capture cross sections that act as neutron poisons are all automatically included in our nucleosynthesis computations. We begin with the abundance distributions in the He convective zones obtained from the solar-scaled abundances processed through complete H burning followed by partial He burning. The ingested material has the same initial solar-scaled chemical composition, and the NuGrid codes that we use take into account all the relevant reactions (∼ 14,000 reactions for the models presented in Figure 4 and ∼ 61,000 for test runs).
The RAWD i-process elemental yields from Figure 4 supplemented by their corresponding isotopic yields are used as input data for the GCE model described in Section 4. These yields represent decayed elemental and isotopic abundances mass-averaged over convective He shells.
POPULATION SYNTHESIS MODEL
Our binary star populations that give rise to the RAWD systems are simulated with the StarTrack rapid binary evolution population synthesis code (Belczynski et al. 2002 (Belczynski et al. , 2008 . We simulate stellar populations from the zero-age main sequence (ZAMS) up to a Hubble time. Assuming a binary fraction of 70%, all stars are born in a starburst at t = 0, and later convolved with the appropriately-chosen star formation history and star formation efficiency (see Section 4). Our four populations are evolved using four different ZAMS metallicities: Z met = 0.02, 0.002, 0.001, and 0.0001. The effect of initial metallicity on the binary evolution, and thus on the RAWD birthrates, is discussed in Section 6.2.
Initial ZAMS star masses are drawn from the 3-component power-law initial mass function of Kroupa et al. (1993) with α 1 = −1.3, α 2 = −2.2, α 3 = −2.35. The initially more massive star (M 1 ) and its companion (M 2 ) are chosen within the mass range of 0.8 − 100.0 and 0.5 − 100 M , respectively 3 . M 1 is drawn directly from the probability distribution function given by our chosen IMF while M 2 is calculated by randomly pick- RAWD event occurs per unit of stellar mass formed at Zmet = 0.0001, 0.001, 0.002, and 0.02, respectively. We refer to Annexe A for a discussion of the sharp transition between Zmet = 0.001 and 0.002.
ing a mass ratio M 2 /M 1 between 0 and 1. (Duquennoy & Mayor 1991; Toonen et al. 2014 , but see also Moe & Di Stefano 2017) . For simplicity, we assume circular orbits from the ZAMS and flat orbital separations (in the logarithm) from 2×(R 1 + R 2 ) to 10 5 R (standard prescription).
Interacting binary stars undergo at least one common envelope (CE) phase over the course of their evolution. Though this phase is extremely important in bringing two stars close enough to one another to undergo mass transfer, it is one of the most poorly-understood processes in stellar astrophysics (see Section 6.1). In population synthesis studies, the CE phase cannot be explicitly calculated but must be parametrized in some way. A common approach is to equate the binding energy of the envelope of the mass-losing star,
, with the orbital energy of the binary system. The envelope will then be expelled from the system at the expense of the binary's orbital energy, which causes the orbital size to decrease, often drastically. We adopt the "standard" common envelope formalism employing energy balance (Webbink 1984) that is often used in binary population synthesis codes with α CE × λ = 1 (see Ruiter et al. 2009 ). Here, α CE is the fraction of orbital energy that is used to eject the envelope of the mass-losing star, and λ is the binding energy parameter.
We consider a sub-population of our accreting white dwarfs to contribute to the RAWD population. Specifically, any CO WD with a mass ≥ 0.6 M that accretes from any hydrogen-rich star at a rate ≥ 3.066 × 10 Nomoto et al. 2007 , see their Figure 4 ) is considered to be a RAWD in our models. For this study, unlike in previous studies (e.g. Ruiter et al. 2009 ), we artificially suppress hydrogen accumulation on the WD, as found in Denissenkov et al. (2017) . The implications of this for other sources, such as Type Ia supernovae (SNe Ia), are discussed in Section 6.3. The time (from star formation) when these accretion criteria are satisfied is considered to be the RAWD birth time (its "delay time"). The delay time distribution (DTD) functions for the 4 RAWD populations are shown in Figure 5 and set the enrichment timescale of i-process element that are implemented in our GCE model.
MILKY WAY MODEL
In this section we briefly describe our galactic chemical evolution model and compare its output properties with the Milky Way.
Galactic Chemical Evolution Code
We use the one-zone chemical evolution code OMEGA described in Côté et al. (2017a) , which is available on GitHub as part of the open-source NuGrid Python Chemical Evolution Environment (NuPyCEE, 4 version 2.0). From an input star formation history, which is decreasing with time in our case, the code follows the contribution of several simple stellar populations (SSPs) to the overall stellar ejecta by keeping track of the age, initial metallicity, and initial mass of each SSP. OMEGA uses the uniform-mixing approximation and accounts for galactic outflows and primordial inflows. The rate of inflow at each timestep is automatically adjusted to sustain the input star formation rate. Our code offers a variety of parametrization options for outflows and star formation efficiencies. But in this work, we use the option described in Côté et al. (2016) which allows to control the early chemical evolution of the galactic gas independently of its final properties. As seen in Section 4.3, this enables us to explore different chemical evolution paths to reach solar composition and to quantify the confidence levels of the predicted contribution of RAWDs.
We use the NuGrid Set1 extension stellar yields (Ritter et al. 2017b) for asymptotic giant branch (AGB) stars and massive stars including core-collapse super- Pignatari et al. 2016 ). Stellar models are provided at five metallicities from 0.0001 to 0.02 in mass fraction. We also use the yields of Heger & Woosley (2010) for zero-metallicity stars and the W7 model of Iwamoto et al. (1999) for SN Ia yields. We use the stellar initial mass function of Kroupa (2001) for all stellar populations at all metallicities. However, the choice of stellar yields is not particularly important for this work since we are only interested in the evolution of Z met , the overall gas metallicity (see Section 4.3). We refer to Côté et al. (2017a) for more information on OMEGA and to Ritter et al. (2017a) for more information on the implementation of SSPs and SNe Ia.
RAWD Implementation
The contribution of RAWDs has been implemented in our SSP module SYGMA , which is called at each timestep by OMEGA. Because the gas metallicity increases continuously in our one-zone galaxy model, each formed SSP has a unique metallicity and thus has a unique set of i-process yields and DTD function for their RAWDs population. The yields are interpolated in the log-log space in order to represent the initial metallicity of the stars. The DTD functions are also interpolated to provide a continuous evolution of RAWD rates as a function of galactic age. The total number of RAWD events in an SSP depends on its total mass and on the normalization of its interpolated DTD function. At a given timestep in our simulation, the overall RAWD ejecta is calculated by summing the contribution of all existing SSPs and by keeping track of their specific age, mass, and unique set of interpolated i-process yields and DTD function.
Each RAWD event is assumed to eject between 0.5 and 1 M of material. Our binary population synthesis simulations find 0.86 M and 1.2 M for the mean masses of the RAWD and its donor. The isotropic reemission approximation (see Section 3.3.3 in Postnov & Yungelson 2014, and references therein) , that is appropriate for our RAWD binary models, provides a stable mass transfer for the accretor to donor mass ratiocrit ≈ 1. This means that our RAWD models with the masses ∼ 0.7 M should be able to stably accrete up to ∼ 0.5 M from their 1.2 M companion. The 0.86 M RAWDs would accrete ∼ 0.34 M . We think that our estimates of the total ejected mass have a factor of ∼ 2 uncertainty. The accretion itself usually takes a few Myr for q to reach its critical value.
Milky Way Properties
The focus of this paper is the chemical composition of the Galactic gas when the Sun forms. We have tuned our chemical evolution model to ensure that the gas reaches solar metallicity (Z met, = 0.014, Lodders et al. 2009) 4.6 Gyr before the end of the simulation, which lasts for 13 Gyr. We also tuned our model to roughly reproduce the current observed properties of the Milky Way (see Table 1 ). The upper panel of Figure 6 shows the predicted evolution of [Fe/H] as a function of Galactic age. The dashed black and green solid lines represent our fiducial predictions using different sets of stellar yields. The shaded areas highlight the different chemical evolution paths to reach the Sun with our model. These different paths are use to test the sensitivity or our results (see Section 5).
As described in Côté et al. (2016) , we can modify the gas content at early times (which modifies the metal concentration) without modifying the final properties of our galaxy model and the overall metallicity from which the Sun forms (lower-panel of Figure 6 ). Because the contribution of SNe Ia in the Milky Way should appear near [Fe/H] ∼ −1 (e.g., Matteucci & Greggio 1986; Chiappini et al. 2001) , the lower limit for the evolution of [Fe/H] was chosen so that a value of −1 is reached at most after 1 Gyr of evolution. This represents a comfortable lower limit given the prompt nature of SNe Ia (e.g., Mannucci et al. 2005; Li et al. 2011) and their minimum delay times of ∼10 8 Myr (e.g, Ruiter et al. 2011; Heringer et al. 2017) .
The choice of stellar yields for massive stars affects the scaling of [Fe/H]. Our SSPs tend to eject more Fe with NuGrid yields compared to when we use the ones found in Kobayashi et al. (2006) (see also Philcox et al. 2017) . The choice of stellar yields, however, does not significantly impact the overall metallicity evolution in The black dashed and green solid lines represent our numerical predictions using NuGrid (Ritter et al. 2017b ) and Kobayashi et al. (2006, K06) yields. For each set of stellar yields, the shaded area shows the different chemical evolution paths that can be predicted by our one-zone model at early times. These variations are used to provide confidence levels in the predicted contribution of rapidly accreting white dwarfs (see Section 5). The horizontal blue lines show the solar metallicity (Asplund et al. 2009 ). The vertical blue line going across the two panels show the time at which the Sun is assumed to form in our model, 4.6 Gyr (Connelly et al. 2017) before the end of the 13 Gyr-long simulation. Observational data was taken from Bensby et al. (2014, blue dots) . Error bars for [Fe/H] data are about 0.05 dex while the ones for Galactic age data can reach several Gyr. We reversed the time axis in the data so that the shortest look-back time found in Bensby et al. (2014) corresponds to the end of our simulation. We did not include data with large uncertainties (grey dots in their Figure 21 ).
the Galactic gas (lower-panel of Figure 6 ). Because the goal of this paper is to quantify the contribution of RAWDs to the solar composition, our results are insensitive to the adopted stellar yields, since the predicted RAWD ejecta only depends on the overall metallicity, and not on its elemental composition.
RESULTS
In the following sections, we describe our predicted Galactic RAWD rates and their contribution to the elemental and isotopic compositions of the Sun.
RAWD Rates
The upper panel of Figure 7 shows the RAWD birth rates as a function of Galactic age. The rates are most uncertain at early times and vary by an order of magnitude at 2.5 Gyr. This peak of uncertainty is caused by the sharp transition at Z met = 0.001 − 0.002 above which RAWD rates in SSPs drop by an order of magnitude ( Figure 5 ). The time for the Galactic gas to reach this transition metallicity depends on the chosen chemical evolution path (Figure 6 ). When the metallicity of the gas evolves slowly, more low-metallicity SSPs will be formed, which will increase the RAWD rates. On the other hand, when the metallicity of the gas evolves rapidly, SSPs will be more metal-rich on average and RAWD formation will be somewhat suppressed (Figure 5) .
In all the considered chemical evolution paths, the sharp transition metallicity mentioned above is reached within the first Gyr of evolution (see Section 4.3), which is why the scatter in the Galactic rate decreases after 2.5 Gyr. The level of scatter stays relatively constant beyond solar metallicity (blue vertical line in Figure 7 ) since we did not calculate yields and DTD functions for RAWDs at Z met > 0.014 − 0.02. Because our target observable is the Sun, we did not need to follow the GCE calculation beyond the adopted solar value. When the metallicity of the gas reached solar, we simply applied the highest-metallicity yields and rate for all subsequent SSPs that formed at later times. Our predictions for the current Galactic RAWD rates are higher by a factor of 2−3 compared the lower limit estimated by Denissenkov et al. (2017) that were based on population synthesis predictions (Chen et al. 2014 ) for the single-degenerate SN Ia scenario (see also Ruiter et al. 2009 ).
The lower panel of Figure 7 shows the cumulated number of RAWDs in our simulation as a function of Galactic age. Because of the different chemical evolution paths assumed at early times, the predicted number of RAWDs that contribute to the solar composition varies by a factor of ∼ 3.5. ure 6) assuming 0.75 M for the integrated i-process ejecta over the lifetime of each RAWD. The green shaded area shows the range of solutions generated by using different chemical evolution paths (Figure 6 ) and different ejecta masses between 0.5 and 1 M . This level of uncertainty varies from one element Z to another because of the metallicity-dependent rates and yields adopted for RAWDs.
Elemental Composition
The level of uncertainty is systematically higher at Z 55. When the chemical evolution path favours lowmetallicity SSPs (Z met < 0.002), which occurs when the metallicity of the Galactic gas evolves slowly, there will be more RAWDs because of the higher birthrates predicted by our population synthesis model ( Figure 5 ). In addition, our RAWD yields at Z met < 0.002 mainly produce elements with Z 55 (Figure 4) . The opposite situation occurs when the chemical evolution path favours high-metallicity SSPs (Z met > 0.002). In that case, there will be less RAWDs along with a lack of nucleosynthetic production for Z 55.
The situation is different for lighter elements (e.g, Z = [30−55]). When low-metallicity SSPs are favoured, although more RAWDs will form compared to high- . Same as in Figure 8 , but zoomed on first-peak elements. The dashed black line shows the solar composition of Asplund et al. (2009, A09) . The blue shaded area shows the uncertainties generated by nuclear reaction rates (see Section 6.4). The larger lighter-green shaded area shows the combined uncertainties generated by different chemical evolution paths, different ejecta masses for each RAWD, and by nuclear reaction rate uncertainties.
metallicity SSPs, less Z 55 elements will be ejected per RAWD event (Figure 4) . When high-metallicity SSPs are favoured, more Z 55 elements will be ejected per RAWD event, but less RAWDs will form in total. To summarize, there is a cancelation effect in the mass of Z 55 elements ejected in the Galactic gas: high RAWD rates imply low nucleosynthetic yields, and viceversa. On the other hand, there is an amplification effect for the heavier Z 55 elements (see paragraph above), which explains the larger spread seen for the heaviest elements in Figure 8 . Overall, the contribution of RAWDs to the solar composition is not significant except for elements near the first peak (Z = [36 − 42]). Figure 9 shows a zoom of the region of interest. According to our model, even though RAWDs are not the dominant contributor to the production of these elements, their contribution is still significant and could explain the origin of a fraction of the solar first-peak composition (see Table 2 ).
As shown in Figure 9 and Table 2 , nuclear reaction rate and galactic chemical evolution uncertainties affect our results in a similar way. To include nuclear reaction rate uncertainties in our fiducial prediction (blue shaded area in Figure 9 ), we used the 1-σ dispersions extracted from normal distributions generated by Monte Carlo calculations (see Section 6.4). The same dispersions have been applied to our lower and upper limit predictions, which were produced by assuming different chemical evolution paths and ejecta masses, in order to estimate the combined uncertainties (larger and lighter green shaded area). Table 2 . Predicted contribution, in percentage, of rapidly accreting white dwarfs (RAWDs) to the first-peak elemental solar composition of Asplund et al. (2009, A09) and Lodders et al. (2009, L09) . The fiducial values represent the solid green line in Figure 9 . The values in bracket show the range of plausible solutions if we account for different galactic chemical evolution (GCE) paths, nuclear reaction rate uncertainties (Nucl. React.), and for both sources of uncertainties combined. We described how we combined uncertainties at the end of Section 5.2.
Z Element
RAWDs 
Isotopic Composition
The upper panel of Figure 10 shows the contribution RAWDs to the isotopic composition of the solar composition for the same elements shown in Figure 9 . Our predictions do not overproduce any isotope, except for 96 Zr which is produced in a similar quantity than what is observed in the Sun. In general, the isotope production patterns of our i-process yields do not follow the solar composition.
In the bottom panel of Figure 10 , we divided our predictions by the solar composition and compare the RAWDs contribution with the s-process isotopic pattern predicted by our fiducial GCE model using the nonrotating AGB stars yields from the FRUITY database (Cristallo et al. 2015b) . We scaled down the s process by 35 % so that it accounts for 100 % of the 150 Sm observed in the Sun, which is an s-only isotope. This normalization is consistent with Cristallo et al. (2015a) who also noticed an overestimation of about 45 % for s-only isotopes using their non-rotating AGB yields, but using a different GCE code. Using their rotating AGB models would likely underestimate 150 Sm (see their Figure 6) . We do not include the isotopic composition of the r process because of the large uncertainties associated with theoretical calculations (e.g., Martin et al. 2016; Mumpower et al. 2016) . Using the r-process residuals as an alternative solution would leave, by definition, no room for the i process.
The blue lines represent the combined contribution of RAWDs and AGB stars. Uncertainties in the yields of AGB stars is not included in this panel. In some cases, as shown in the bottom panel of Figure 10 , the i process (green lines) has a production peak where the s process (red lines) has a local minima (e.g., 96 Zr, 97 Mo). In the case of 96 Mo, the i process shows a local minima while the s process shows a global maxima. Although isotope yields for RAWD and AGB models need to be addressed with quantified uncertainties, which is beyond the scope of this paper, Figure 10 suggests that the i process can complement the s process for some isotopes.
As an example, 95 Zr represents a branching point (e.g., see Lugaro et al. 2014; Battino et al. 2016) which means that there is a probability to capture a neutron and form the stable 96 Zr isotope, depending on the neutron density. During the i process, the neutron density is higher than with the s process and unstable 95 Zr isotopes are more efficiently transformed into 96 Zr, which leads to a higher 96 Zr abundance compared to the sprocess case.
DISCUSSION
Here we discuss the various sources of uncertainties unaccounted in our results and the limitations of our galactic chemical evolution code to quantify the contribution of RAWDs to the solar composition. We also discuss the implications of our results on the solar LEPP and on the single-degenerate SN Ia scenario. 
Common Envelope Evolution
In the adopted (energy balance) common envelope formalism (see Section 3), the α CE and λ parameters contain a lot of "unknown physics" and the assumptions made during this phase are one of the largest sources of uncertainty in our models (see Ivanova et al. 2013; Toonen et al. 2014) . Higher values of α CE × λ means higher ejection efficiencies which leads to wider orbital separations following the ejection of the CE. In general, choosing different reasonable values for these quantities could affect our results, but not in a drastic way. For example, if the physical processes leading to the unbinding of the CE were less efficient (e.g. lower α CE or λ values), some fraction of the "standard" binaries would not make RAWDs, as they would follow a different evolution that may cause them to merge too early on. However, binaries that would not have become RAWDs in our standard model, since they were not brought close enough together after the CE, would likely populate this RAWD parameter space instead.
Effect of Metallicity on RAWD Birthrates
We have shown that at higher (∼solar) metallicities, the RAWD birthrate is about 10 times lower than for lower metallicities ( Figure 5 ). As described below, this is due to a combination of effects, which include metallicity-dependent stellar winds and different mass ratios for the stars when the companion transfers hydrogen towards the WD.
One side effect of metallicity-dependent wind mass loss is that the lower-metallicity WDs will be more massive than their higher-metallicity counterparts, since the star was able to maintain larger (core) mass during later stages of stellar evolution. As a consequence, at time of Roche-Lobe overflow (RLOF) between the H-rich (e.g. Hertzsprung Gap) companion and the CO WD, lower metallicity systems have less extreme mass ratios. The less extreme mass ratio between the WD and the Hburning star is what enables these systems to undergo (quasi) stable mass transfer, and thus evolve into RAWD binaries. On the other hand, the higher-metallicity binaries have more extreme mass ratios at time of RLOF, which makes it more likely for them to encounter mass transfer on a dynamical timescale (e.g. CE evolution).
As noted in Section 3, there is a rather extreme decrease in RAWD birthrate between Z met = 0.001 and 0.002. Many systems which would make RAWDs involving evolved companions in the lower Z met (0.0001, 0.001) models will make detached double WDs in the higher Z met (0.002, 0.02) models consisting of a CO WD and a helium WD (due to stripping of the H-envelope during CE evolution). The reason why the rate difference is notably extreme between our Z met = 0.001 and Z met = 0.002 models is because of a transition region within our StarTrack algorithm that is used to determine whether a system in RLOF will encounter mass transfer on a thermal or dynamical timescale (Belczynski et al. 2008 , see section 5).
We note that our algorithm that calculates the stability of mass transfer is uncertain, though star systems have indeed been observed to undergo a phase of quasistable mass transfer prior the (expected) CE phase, at least in massive stars. If this same analogy can be applied to lower-mass stars, we may be underestimating the RAWD birthrates at high metallicities, in which case our imposed criteria for undergoing a CE should be revised to allow the production of more RAWDs at more extreme stellar mass ratios. In Annexe A, we explore an alternative set of GCE predictions where the RAWD birthrate smoothly evolves as a function of metallicity without a sharp transition.
There is another reason why higher-metallicity systems do not produce as many RAWDs, which is applicable to a different evolutionary channel (WD+MS RAWD): some higher-metallicity binaries are more readily destroyed via mergers during the first mass transfer event when the primary is on the RGB and the secondary is still on the MS. For the lower-metallicity counterpart, the (smaller in radius) primary would have already reached the early AGB and thus would have a larger core mass than the higher-metallicity RGB primary counterpart, despite the lower wind-mass loss rates in the lower-metallicity model. Both star systems will go to CE, but only the low-metallicity system will survive, leaving behind a He-burning sub-giant and a MS star, which eventually evolves into a RAWD. The highermetallicity system that has the more extreme mass ratio (between core and MS star) will end up as a merger between a compact He-burning core and a MS star.
Implications of Mass Retention Efficiency on the Type Ia Supernova Rate
One of the leading progenitor scenarios of SNe Ia includes the 'textbook' single degenerate (SD) scenario, in which a CO WD approaches the Chandrasekhar mass limit via accretion from a (usually hydrogen-rich) stellar companion. Studies tracking the theoretical evolution of interacting binary populations have shown that it is difficult for a CO WD to build up to the Chandrasekhar mass via hydrogen accretion (e.g., Ruiter et al. 2009; Bours et al. 2013 , but see Han & Podsiadlowski 2004) . In addition, recent works have shown that some, if not most, SN Ia explosions may be more easily explained by exploding sub-Chandrasekhar mass WDs, either via mergers, or 'classic' double-detonations (Pakmor et al. 2012; Shen et al. 2013; van Rossum et al. 2016; Sato et al. 2016; Shappee et al. 2017 , see also Maguire et al. 2016) . Despite the recent favouritism for sub-Chandrasekhar mass models (see also McWilliam et al. 2017) , the Chandrasekhar mass SD scenario (sometimes referred to as the delayed detonation scenario Ciaraldi-Schoolmann et al. 2013) still remains a viable progenitor candidate (e.g., Wheeler 2012; Seitenzahl et al. 2013; Fisher & Jumper 2015; Yamaguchi et al. 2015; Hitomi Collaboration 2017) . However, the measurement of nebular emission lines in different galaxies implies a limit on the contribution of the SD scenario to the overall observed SNe Ia rate to less than ∼ 10 % (Johansson et al. 2014 (Johansson et al. , 2016 , see also Woods et al. 2017 and Botyánszki et al. 2018) .
In our adopted accretion model for RAWDs, where accretion on CO WDs is suppressed at relatively high mass transfer rates (see Section 3), it would be (nearly) impossible to produce any SNe Ia via the 'textbook' SD channel where a hydrogen-rich donor transfers mass via stable RLOF. We do find however a relatively small number of CO WDs that accrete up to the Chandrasekhar mass via wind accretion when the donor is an AGB star. These systems undergo a different evolutionary channel from RAWDs, where RLOF phases occur between an evolved star and a MS companion, so they never enter the RAWD parameter space.
When the primary star turns into a CO WD, it is already fairly close to the Chandrasekhar mass (∼1.38 M ), and futher accretion by the AGB companion wind is able to push the WD toward the Chandrasekhar mass. We predict that these SN Ia progenitors, if realised in nature, have prompt delay times (< 100 Myr), and only occur in higher metallicity populations (Z met ≥ 0.002). The lower metallicity primary stars (which experience less wind mass loss) are more likely to evolve into ONe WDs rather than CO WDs. We note that our current study cannot rule out near-Chandrasekhar mass explosions via RLOF from helium-rich companions, which have been proposed as good candidates for thermonuclear supernovae, in particular the fainter SN Iax-likes (Kromer et al. 2015; Stritzinger et al. 2015) 6.4. Yield Uncertainties
The i-process yields predicted with the RAWD models (Figure 4 ) depend on stellar physics and nuclear reaction rate uncertainties that are translated into yield uncertainties. Various stellar physics uncertainties will be analyzed elsewhere, and in that paper we will provide a detailed discussion of our RAWD models. Here, we only report some results on the yield uncertainties that are linked to the uncertainties of the (n,γ) cross sections of unstable isotopes near the magic neutron number N = 50 and that are relevant to our predicted contribution of RAWDs to the solar first-peak elemental abundances (all details of the corresponding uncertainty study are presented in Denissenkov et al. 2016 ). These results have been obtained for a model of Sakurai's object, whose i-process yields are similar to those of RAWD models with a nearly solar metallicity (Figure 4 in Denissenkov et al. 2017) . The following paragraphs give a brief description of what has been done.
First, 52 unstable isotopes of Br, Kr, Rb, Sr, Y, and Zr, whose (n,γ) cross sections can potentially affect the predicted abundances of Rb, Sr, Y and Zr, that were also measured in Sakurai's object by Asplund et al. (1999) , have been selected from the chart of nuclides. Because there is no experimental information on the (n,γ) cross sections of these isotopes, the Hauser-Feshbach model of a statistical decay of a compound nucleus was used to obtain it. When systematically varying between available five nuclear level density models and four γ ray strength function parametrizations within the HauserFeshbach code, the largest and smallest n-capture rates were found and their ratios were assigned to the maximum variation factors v max i for all of the 52 isotopes. Second, we have carried out Monte-Carlo (MC) simulations in which the i-process nucleosynthesis in Sakurai's object was modeled 10,000 times with randomly selected sets of multiplication factors f i for the (n,γ) reaction rates involving the 52 selected isotopes (the benchmark model, with which we compared the results of our MC simulations, had all f i = 1). For each of the 52 isotopes in each of the 10,000 MC runs, we first selected a , where p were assumed to take a value of 0 or 1 with an equal probability.
The green histogram in Figure 11 shows a distribution of the predicted abundance of Y from our MC simulations. Similar histograms were constructed for the other elements of the fist peak. By fitting them with normal distributions, we were able to estimate their mean values and dispersions. For Rb, Sr, Y, Zr, Nb, Mo, and Ru, the (n,γ) reaction rate uncertainties of the 52 unstable isotopes are translated into the predicted yield uncertainties of 0.20, 0.24, 0.30, 0.24, 0.58, 0.38, and 0.40 (for the distributions of the logarithmic abundance ratios with respect to the initial or solar abundances). For the first four elements, these uncertainties turn out to be less than or comparable to their observed errors from Asplund et al. (1999) . For the rest three elements, the estimated uncertainties do not include a contribution from the (n,γ) reaction rate uncertainties of unstable isotopes heavier than Zr, therefore they can in fact be (probably, slightly) different. Nevertheless, we used all of these data in the analysis of our predicted contribution of RAWDs to the solar first-peak elemental abundances.
Galaxy Evolution Uncertainties
Because the yields and rates used for RAWDs are metallicity-dependent, our results are affected by the chemical evolution path used in our Milky Way model. The overall evolution of metallicity as a function of time in a one-zone model is driven by the shape of the star formation history (SFH) and by the amount of gas in which stellar ejecta are deposited. The latter is controlled by the star formation efficiency. As shown in Figure 6 , it is possible to create different chemical evolution paths using the same SFH but by varying the star formation efficiency. But the shape of the SFH also plays an important role in GCE, as it defines how many SSPs are formed at a specific metallicity and how fast the galactic gas is being enriched. Indeed, as shown in , different SFHs can also lead to different chemical evolution paths at early times (see also Hirai et al. 2017) .
In this work, we only varied the star formation efficiency, but any variation from what we assumed for the SFH could change the predicted number ratio of low-to high-metallicity SSPs and thus affect our predictions. This source of uncertainty has also been discussed by Cristallo et al. (2015a) in the context of metallicitydependent AGB star yields. As explained in Sections 5.1 and 5.2, our results are sensitive to the age-metallicity relationship, and thus the SFH, during the first Gyr of evolution. Within a cosmological context, the SFH of galaxies in the early universe is significantly affected by structure formation and by galaxy mergers (e.g., Wise et al. 2012) . The stochastic early phase of the Milky Way is still not well constrained, and our one-zone model is not suited to address this complexity (but see Côté et al. 2017b) .
In addition, the concept of a direct correlation between age and metallicity breaks down at very low metallicity. Hydrodynamic simulations have shown that non-uniform mixing of stellar ejecta at early times generate significant scatter in the age-metallicity space (e.g., Wise et al. 2012; Hirai et al. 2015; Starkenburg et al. 2017) . Accounting for more metallicity dispersion in our model would modify the metallicity range associated with our SSPs, which could affect the predicted contribution of RAWDs, given their strong dependency on metallicity. However, it is difficult with our model to evaluate whether those non-uniformities would significantly affect our results compared to an averaged uniformly-mixed model.
By using a one-zone model, we do not account for the formation timescale of different Galactic components such as the halo, the thick disc, and the thin disc. With multi-zone models (e.g., Ferrini et al. 1992; Pardi et al. 1995; Travaglio et al. 1999; Bisterzo et al. 2014) , the formation of the Galactic disc is delayed relative to the formation of the halo. Assuming our one-zone model represents the Galactic disc, the time at which we form the Sun could be reduced by ∼ 1 Gyr, which is the typical delay for disc formation (Pardi et al. 1995; Chiappini et al. 2001 ). According to the bottom panel of Figure 7 , this formation delay would change the total number of RAWDs included in the solar composition by no more than 20%, assuming the same star formation history.
Solar Lighter Element Primary Process
By combining the r process and the weak and main s processes in a galactic chemical evolution context, the solar composition near the first peak up to Xe is not fully explained without introducing an additional lighter element primary process, the so-called LEPP (Travaglio et al. 2004; Montes et al. 2007 ). This claim has later on been confirmed by Bisterzo et al. (2014) . According to Travaglio et al. (2004) , the unaccounted fractions are 8 % for Sr, 18 % for Y, Zr, Nb, and 25 % for Mo (see their Table 4 ). As shown in our Table 2 , RAWDs could explain the LEPP for some elements. The production of Sr in RAWDs is about half the production of Y and Zr, a specific feature associated with the LEPP. For elements heavier than Mo (Z > 42), the contribution of RAWDs drops and becomes insignificant (see Figure 8) .
However, the need for the solar LEPP is still a matter of debate. Pignatari et al. (2013) investigated the impact of uncertainties in the 12 C + 12 C reaction rate and found that massive stars could produce enough firstpeak elements to fill the missing LEPP. In addition, Cristallo et al. (2015a) showed that the need for the LEPP depends on the physics involved in modeling AGB stars and on the star formation history adopted in GCE models. It is beyond the scope of this paper to address the solar LEPP in more details. But our results suggest that RAWDs could provide an important fraction of the solar composition for Sr, Y, and Zr. We also need to keep in mind that in the calculations of Bisterzo et al. (2014) , the s-only isotopes were also missing in relevant amounts, but s-only isotopes are not made efficiently in RAWDs (see for instance the case of the s-only isotope 96 Mo discussed in Section 5.3).
CONCLUSION
We introduced RAWDs, which stands for rapidly accreting white dwarfs, in our NuPyCEE framework to quantify in a GCE context their contribution to the solar composition. To do so, we calculated metallicitydependent i-process yields using MESA and mppnp (Figure 4) and delay-time distribution functions using StarTrack ( Figure 5 ), and applied them to all stellar populations formed in our Milky Way model. We tested different normalizations for the mass ejected by RAWDs and different chemical evolution paths to reach solar metalllicity by the time the Sun forms ( Figure 6 ).
Our yields and rates for RAWDs are very sensitive to metallicity. Yields at Z met = 0.014 produce roughly 3 orders of magnitude more Sr, Y, and Zr than yields at Z met = 0.00014 (low-metallicity yields tends to produce heavier elements). Rates at low metallicity are higher by an order of magnitude compared to the ones at high metallicity, with a sharp transition occurring between Z met = 0.001 and 0.002 (but see Section 6.2). Because of these dependencies, the impact of the chemical evolution path on the predicted contribution of RAWDs varies from one element to another, with the heaviest elements (Z 55) being the most uncertain (Figure 8 ).
We found that RAWDs can have a significant contribution to the solar composition for elements near the first s-process peak: Uncertainties associated with population synthesis models are discussed in Section 6. When nuclear reaction rate uncertainties for the i process are included in our GCE predictions, the upper boundaries increase by a factor of 1.5 − 2 for Rb, Sr, Y, and Zr, and by a factor of 3.8 and 2.4 for Nb and Mo, respectively (see Table 2 ). This highlights the importance of creating and maintaining communication between nuclear astrophysics and galaxy evolution, as both fields can have a significant impact on the predicted evolution of chemical elements using galaxy models.
We found that the i process could complement the s process in reproducing the solar composition for some isotopes (e.g., 96 Zr, 95 Mo, and 97 Mo). Given the uncertainties in our predictions, our work shows that RAWDs could explain a fraction of the solar LEPP, especially for Sr, Y, and Zr. Within the limitations of our models (see Section 6), we confirm the calculation made by Denissenkov et al. (2017) showing that RAWDs are relevant to the chemical evolution of first-peak elements. We predict a current Galactic RAWD rate of about 5 × 10 −4 yr −1 . Observationally, RAWD systems should appear as super-soft X-ray sources most of the time, unless being (easily) obscured by interstellar or circum-binary matter (van den Heuvel et al. 1992) . The latter factor (see also Woods & Gilfanov 2016) may explain why only a few RAWD candidates out of theoretically predicted dozens were found in the Large and Small Magellanic Clouds (Lepo & van Kerkwijk 2013) .
Our work illustrates the contribution of i-process nucleosynthesis on the solar composition and is thus complementary to previous studies that discussed the presence of i-process signatures in metal-poor stars (Hampel et al. 2016; Roederer et al. 2016; Clarkson et al. 2017 ).
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APPENDIX
A. ALTERNATIVE RAWD RATES In Section 6.2, we discussed the impact of metallicity on the predicted RAWD rates as well as the origin of the sharp transition seen between Z = 0.001 and 0.002 (see Figure 5 ). Although this transition cannot be ruled out at the moment, it is still possible that the transition might be smoother. More investigation is needed. In order to test the sensitivity of our results on this sharp transition, we repeat in this section our calculations by linearly interpolating the predicted RAWD rates using the two extreme metallicities only (Z = 0.0001 and 0.02). This provides a smooth transition across all metallicities, as shown in Figure 12 . Using this approach, the predicted contribution of RAWDs to the solar composition and the current Galactic rate are increased by about 25-40% (see Figure 13 and Table 3 ).
Although our results are sensitive to the metallicity-dependent RAWD rates, the magnitude of our predictions is not significantly affected by the sharp transition in the RAWD rate seen between Z = 0.001 and 0.002. 
